Cell lines from Nijmegen Breakage Syndrome (NBS) and ataxia telangiectasia (A-T) patients show defective S phase checkpoint arrest. In contrast, only A-T but not NBS cells are significantly defective in radiation-induced G1/S arrest. Phosphorylation of some ATM substrates has been shown to occur in NBS cells. It has, therefore, been concluded that Nbs1 checkpoint function is S phase specific. Here, we have compared NBS with A-T cell lines (AT-5762ins137) that express a low level of normal ATM protein to evaluate the impact of residual Nbs1 function in NBS cells. The radiation-induced cell cycle response of these NBS and 'leaky' A-T cells is almost identical; normal G2/M arrest after 2 Gy, intermediate G1/S arrest depending on the dose and an A-T-like S phase checkpoint defect. Thus, the checkpoint assays differ in their sensitivity to low ATM activity. Radiationinduced phosphorylation of the ATM-dependent substrates Chk2, RPAp34 and p53-Ser15 are similarly impaired in AT-5762ins137 and NBS cells in a dose dependent manner. In contrast, NBS cells show normal ability to activate ATM kinase following irradiation in vitro and in vivo. We propose that Nbs1 facilitates ATM-dependent phosphorylation of multiple downstream substrates, including those required for G1/S arrest.
Introduction
The presence of DNA double-strand breaks (DSBs) in mammalian cells elicits a complex array of responses that result in the onset of apoptosis, cell cycle checkpoint arrest and/or mechanisms of DNA repair. Central to these processes is ATM (ataxia-telangiectasia mutated), the protein defective in ataxiatelangiectasia, a hereditary disorder associated with cancer predisposition and radiosensitivity (Shiloh, 1997) . ATM is a serine-threonine PI 3-K related kinase which becomes activated following exposure to ionizing radiation (IR) (Banin et al., 1998; Canman et al., 1998; Savitsky et al., 1995) . ATM phosphorylates in vivo a number of proteins involved in cell cycle checkpoint control, apoptotic responses or DNA repair, including p53, Chk2, Chk1, Brca1, RPAp34, H2AX and Nbs1 (Abraham, 2001) . p53 controls G1/S phase arrest through its transcriptional control of p21, and influences apoptosis via its ability to regulate such proteins as Bax. Chk1 and Chk2 kinases are regulated by phosphorylation and control the phosphorylation of Cdc25C, which controls entry into mitotis. Chk2 also phosphorylates p53 (Abraham, 2001) . Cell lines from A-T patients display phenotypes consistent with a central role in signal transduction. Following radiation exposure, A-T cells fail to show G1/S phase arrest, S phase arrest, observable by a characteristic inability to arrest DNA synthesis, called the radioresistant DNA synthesis (RDS) phenotype, and A-T cells in G2 at the time of exposure show reduced G2/M phase arrest (Shiloh, 1997) . A-T cells also display radiosensitivity that is most likely the result of a distinct DNA repair defect rather than defective cell cycle checkpoint arrest (Jeggo et al., 1998) .
Nijmegen Breakage Syndrome (NBS) is a hereditary disorder that is distinct from, but shares overlapping features with A-T (Shiloh, 1997; Wegner et al., 1999) . Unlike A-T, NBS patients display microcephaly and developmental delay; in common with A-T, they show immunodeficiency, cancer predisposition and radiosensitivity. In mammalian cells, Nbs1 interacts with hMre11 and hRad50 forming radiation-induced nuclear foci (IRIF) (Carney et al., 1998) . At the cellular level, NBS cell lines show many of the phenotypic abnormalities displayed by A-T including chromosomal instability and radiation sensitivity (Featherstone and Jackson, 1998) . However, whilst NBS cells display an RDS phenotype that is similar to that shown by A-T (Taalman et al., 1989) , they show little, if any, impairment in G1/S or G2/M phase arrest (Antoccia et al., 1997 (Antoccia et al., , 1999 Jongmans et al., 1997; Matsuura et al., 1998; Stewart et al., 1999; Yamazaki et al., 1998) suggesting either that NBS1 is not required for these latter two checkpoints or that there is some level of redundancy. Additionally, radiation-induced activation of ATM kinase as well as the phosphoryla-tion of certain ATM dependent substrates (e.g. ser15 residue of p53, Brca1 and hRad9) has been reported to occur normally in NBS cell lines Gatei et al., 2000; Lim et al., 2000) . Recently, mutations in hMre11 have been detected in patients with an A-T-like disorder (ATLD), a milder form of A-T. ATLD cells, like NBS cells, also show a pronounced RDS response but little or no impairment in G1/S or G2/M phase arrest. Based on these findings, it has been concluded that the Nbs1/hMre11 complex has an S phase specific function (Lim et al., 2000; Stewart et al., 1999) .
Whilst working with NBS and A-T lines, we noted the similar cellular phenotype of NBS cells and cell lines (AT-5762ins137) derived from A-T patients with mild clinical characteristics (McConville et al., 1996; Taylor et al., 1996b) . AT-5762ins137 cells have a 137 bp splice site insertion in one ATM allele. However, a low level of normal splicing results in the production of reduced yet functionally normal ATM protein (Lakin et al., 1996; Stewart et al., 2001) . Here, we have examined the possibility that NBS cells have an incomplete or 'leaky' phenotype that impacts differentially on the cell cycle checkpoints. We show that the AT-5762ins137 cell lines have a phenotype similar to NBS cells in which the impact on S phase arrest is greater than on G1/S or G2/M phase arrest (i.e. like NBS cells they appear to have an S phase specific defect). We evaluate these results on the basis of a model in which each checkpoint assay is effected by a different threshold level of ATM activity, and thus each responds differently to low ATM activity. We next used AT-5762ins137 cell as a marker line reflecting the impact of low ATM activity to examine the phosphorylation of known ATM substrates. We found a quantitatively similar reduced level of phosphorylation of a range of ATM substrates in AT-5762ins137 lines and NBS cell lines. Our results suggest a model in which Nbs1 facilitates ATM dependent phosphorylation of a range of substrates including those involved in the G1/S and S phase checkpoints.
Results

Examination of radiosensitivity and cell cycle checkpoint arrest in AT-5762ins137 cells and comparison with an NBS line
For survival and checkpoint analysis, we utilized primary skin fibroblast cell lines since transformed or immortalized lines frequently have aberrant checkpoint responses. Our aim was not to analyse NBS cell lines extensively, since there is abundant data available. Rather, we compare a single NBS line (CZD82CH) with three AT-5762ins137 lines (AT5BR, AT6BR, and C6059) and reference published data. AT-5762ins137 and NBS cells show similar radiosensitivity, slightly less than A-T null lines ( Figure 1a ) and similar defective S phase arrest (RDS response), equivalent to that seen in A-T null cells (Figure 1b) . The results for CZD82CH are similar to those obtained with other NBS cell lines (Girard et al., 2000; Matsuura et al., 1998; Stewart et al., 1999; Taalman et al., 1989) . G1/S phase arrest was examined using a fluorescent activated cell sorting (FACS) technique and an intermediate dose-dependent defect in G1/S arrest is evident in AT-5762ins137 and CZD82CH cells, which contrasts with the pronounced defect in AT5BI ( Figure  1c) . Significantly, defective arrest was more marked at lower compared with higher doses. Previous studies concluding that NBS cells are not G1/S arrest defective used single doses of 5 -6 Gy, which we show induces significant arrest in AT-5762ins137 cells (Antoccia et al., 1999; Jongmans et al., 1997; Yamazaki et al., 1998) . These data show that a low level of ATM activity can induce significant G1/S arrest following 5 Gy but not following 1 Gy and provide evidence that G1/S arrest is impaired but not abolished in NBS cells.
Cells in G2 at the time of irradiation show a delay in entry into mitosis due to an ATM dependent G2/M checkpoint (Beamish and Lavin, 1994; Scott et al., 1994) . The accumulation of mitotic cells in the presence of the mitotic inhibitor, colcemid, was scored at varying times following exposure to 2 Gy. AT5762ins137 cells, CZD82CH and control cells show a clear G2/M delay of *4 h, whereas a reduced delay is seen in AT5BI (Figure 1d ). Thus, the low level of residual ATM activity present in these AT-5762ins137 cell lines is sufficient to effect a delay at the G2/M checkpoint. A previous study reported that NBS lymphoblastoid lines manifest a G2/M checkpoint defect after exposure to low but not high doses (Antoccia et al., 1997) .
In all these assays, the response of the NBS cell lines parallels that of the three AT-5762ins137 cell lines suggesting that NBS cells have a 'leaky' A-T like phenotype. They show that residual ATM activity has a differential impact on the cell cycle checkpoint assays and that a greater defect in the RDS assay compared to G1/S arrest need not imply an S phase specific impact.
Phosphorylation of ATM-dependent substrates in NBS lines
Phosphorylation of ser15 of p53 is impaired in NBS To seek further evidence for a role for Nbs1 in ATMdependent responses, we examined the phosphorylation of ATM-dependent substrates in two lymphoblastoid NBS lines (195 and 196 ) and a single AT-5762ins137 line, LB541. Here, the single AT-5762ins137 line was used to establish the response of a 'leaky' phenotype, since the impact of residual ATM activity may vary depending upon the substrates and doses employed. Firstly, we verified low ATM expression in LB541 cells and normal ATM expression in the two NBS and wildtype lines by Western blotting (Figure 2a and data not shown). We identified residual ATM protein in AT5762ins137 cells consistent with a previous report (Lakin et al., 1996; Stewart et al., 2001 ). Using phosphoserine specific antibodies which recognize the phosphorylated Ser15 residue of p53, we observed efficient phosphorylation of p53 in control, the two NBS lines and AT-5762ins137 cells following exposure to 5 Gy ( Figure 2b , left panel) consistent with a previous report (Gatei et al., 2000; Lim et al., 2000) . As expected, the A-T null cells (AO) gave no detectable signal. Based on the rationale that an impaired response might be more easily detectable following exposure to low doses, we also examined the response following 1 Gy. In this case, we did not observe any phosphorylation of p53-Ser15 in either AO, LB541 (AT-5762ins137) or the two NBS lines, whereas a strong signal was obtained with control cells (Figure 2b, right panel) . Therefore, in contrast to the previous conclusion, we show that, after low dose IR, Nbs1 is required for efficient phosphorylation of p53-Ser15 by ATM in vivo.
Phosphorylation of Chk2 is impaired in NBS cell lines Chk2 is rapidly phosphorylated following irradiation in an ATM dependent manner. Activated Chk2 kinase can phosphorylate p53 and is required for p21 induction and G1/S phase arrest (Abraham, 2001) . We examined radiation induced phosphorylation of Chk2 in our panel of cells. In wild-type cells, following exposure to 20 Gy, Chk2 was fully phosphorylated within 30 min (Figure 2c ). In contrast, Chk2 is not phosphorylated in A-T cells. The two NBS and the AT-5762ins137 lines showed an intermediate response with partial phosphorylation observable at 1 and 2 h post-irradiation. We therefore conclude that NBS cells and cells expressing low level of ATM protein (AT-5762ins137) display the same inability to efficiently phosphorylate Chk2 in vivo. Exposure to 20 Gy clearly demonstrated the partial defect in NBS and AT-5762ins137 cell lines. Chk2 phosphorylation was also examined following exposure to 10 Gy where phosphorylation was observed in control cells but was dramatically Phosphorylation of RPAp34 is impaired in NBS cell lines RPAp34 is also phosphorylated following radiation exposure in an ATM dependent manner (Liu and Weaver, 1993) . RPAp34 phosphorylation appears to be dispensable for S phase checkpoint arrest but its singlestrand binding activity suggests a potential involvement in DNA repair (Morgan and Kastan, 1997). We examined whether this stress response was also diminished in NBS cell lines. Whilst wild-type cells show significant phosphorylation of RPAp34 within 2 h of irradiation, the NBS, AT-5762ins137 and A-T null cells showed little RPAp34 phosphorylation even at 6 h post-irradiation (Figure 2d ).
Histone H2AX phosphorylation is impaired in AT-5762ins137 but normal in NBS cell lines
Recently, it has been reported that histone H2AX becomes extensively phosphorylated when DSBs are introduced into mammalian cells resulting in discrete g-H2AX (phosphorylated H2AX) foci (Modesti and Kanaar, 2001 ). An original report showed that this was ATM and NBS independent but recently a dependency upon ATM has been shown (Burma et al., 2001; Paull et al., 2000) . We re-investigated this using the AT-5762ins137 cell line. A similar level of H2AX immunostaining was observed in wild-type and NBS cells after 2 or 20 Gy irradiation, whereas the response was reduced in both AT-5762ins137 and A-T null cell lines (Figure 3) . Thus, NBS is dispensable for efficient ATM-dependent H2AX phosphorylation.
ATM from irradiated NBS cells is able to function normally as a protein kinase in vitro NBS cells have previously been reported to show normal radiation-induced activation of ATM kinase activity. However, since NBS cells have shown a normal or defective response in assays here depending upon the dose employed, we re-examined this finding using AT-5762ins137 cells for comparison. AT5762ins137 and NBS cell lines were examined for ATM activation using immunoprecipitation kinase assays against GST-p53 1 -40 fusion peptide as a substrate. Phosphorylation of Ser15 was monitored using a phospho-p53 (Ser15) antibody, generating a low background in unirradiated control cells. Equal levels of ATM activity were observed following exposure to 5 Gy in control and NBS cells ( Figure  4) . No activity was observed from either A-T null or the AT-5762ins137 extracts even though some ATM protein was detectable in the AT-5762ins137 cell extract (Figure 4) . In our studies examining the Ser15 phosphorylation of p53 in vivo, we observed that phosphorylation was impaired in AT-5762ins137 and NBS cells following exposure to 1 Gy but normal after 5 Gy, most likely representing residual ATM phosphorylation activity in vivo (see Figure 2b ). To allow a direct comparison, we examined the induction of ATM kinase activity using the in vitro assay following exposure to 1 Gy. A significantly weaker signal is generated compared to that obtained using 5 Gy demonstrating the dose dependency of this assay Figure 3 Normal g-H2AX immunostaining in NBS and a reduced response in AT-5762ins137 cells. Lymphoblastoid cells were irradiated with g-rays and incubated for 1 h before immunostaining with anti g-H2AX Ab (grey). Nuclei were stained with Dapi (white) Figure 4 The kinase activity of ATM immunoprecipitated from irradiated NBS cells is not impaired in its ability to phosphorylate a p53 derived peptide. Following irradiation with 1 or 5 Gy, ATM was used in an in vitro kinase assay with a GST-p53 1 -40 peptide as a substrate. Phosphorylation was estimated using anti-phospho p53-Ser15 antibodies. The blots were reprobed with anti-p53 antibodies to check for loading. Immunoprecipitated ATM is shown by Western blotting Nbs1 promotes ATM dependent phosphorylation events P-M Girard et al (Figure 4) . Significantly, the ATM activity from NBS cells is as great as that from control cells. We, therefore, conclude that following 1 Gy irradiation, ATM requires Nbs1 for efficient phosphorylation of the Ser15 residue of p53 in vivo but not in vitro.
Discussion
To evaluate the impact of low ATM function, we examined AT-5762ins137 cell lines that produce low but functionally normal ATM activity (McConville et al., 1996; Taylor et al., 1996b) . The radiosensitivity of these 'leaky' A-T cells is marked, but less than that of A-T null cell lines. They show nearly normal G2/M arrest following exposure to 2 Gy, an intermediate dose dependent level of G1/S arrest but impaired S phase arrest close to that observed in A-T null cells. The checkpoint assays can therefore be graded on their ability to respond to ATM activity (see Figure 5a ). As shown for G1/S arrest, an impaired response is more likely to be observed at lower doses where an impaired signal might be insufficient to trigger arrest. At higher doses a sufficient threshold signal may be generated in 'leaky' cells precluding the ability to detect a marginal defect. If ATM activity is impaired but not abolished it will be necessary to use non-saturating conditions to see a defective response.
The radiosensitivity and checkpoint responses of the single NBS line examined here parallels the results found with the three AT-5762ins137 lines. Based on our model that the different checkpoint assays respond differentially to low ATM activity, we argue that NBS cells are impaired in the G1/S response because: (a) the conclusion that NBS cells are proficient in G1/S arrest is based on results obtained following 5 -6 Gy, where efficient arrest is also seen in AT-5762ins137 cells; (b) the consensus published data show that NBS cells have impaired p53 stabilization and p21 induction similar to that observed in AT-5762ins137 (our unpublished results; Jongmans et al., 1997; Matsuura et al., 1998) ; (c) impaired G1/S arrest is seen in CZD82CH using 1 -3 Gy, the same conditions required to see a defect in AT-5762ins137 cells; and (d) a greater defect in S versus G1/S arrest does not necessitate an S phasespecific checkpoint response (it is seen in AT5762ins137 cells). Instead it can reflect the differential impact of reduced ATM activity.
To seek further evidence for a role of Nbs1 in ATM-dependent responses, we examined NBS cells for their ability to phosphorylate ATM-dependent substrates, giving consideration to the possible impact of residual activity. We observed an impaired p53 phosphorylation response in both AT-5762ins137 and NBS lines following exposure to 1 Gy, but a normal response at 5 Gy. Our conclusions are, therefore, distinct from previous findings that p53 ser15 phosphorylation is Nbs1 independent, since these studies did not consider the impact of residual activity (Gatei et al., 2000; Lim et al., 2000) . We also observed an impaired ability of AT-5762ins137 and NBS lines to phosphorylate Chk2, consistent with a recent report (Buscemi et al., 2001) , and RPAp34.
Additionally, NBS and AT-5762ins137 cells show impaired JNK activation (Stewart et al., 1999 (Stewart et al., , 2001 . We conclude that Nbs1 is required for many ATMdependent responses. Finally, impaired Chk2 phosphorylation further implicates Nbs1 in G1/S arrest because Chk2-dependent p53 phosphorylation is required for p21 induction and G1/S arrest (Abraham, 2001) .
In contrast to the above findings, we observed that H2AX phosphorylation occurred normally in NBS cells following radiation exposure. Since this is an The checkpoint assays can be graded on their responses to ATM activity ranging from the assay for G2/M arrest in which a low level of ATM activity triggers a nearly normal response (e.g. it is fully activated by 2 Gy) to the assay for S phase arrest that requires high doses. Thus, each damage response is effected by a different threshold of ATM activity (--) and each responds differentially to reduced activity (compare the two slopes in the figure). (b) Model for signalling involving ATM and Nbs1. ATM* represents activated ATM; the model shows the role of the Nbs1 complex as proposed here; the previous model for Nbs1 functioning directly in an S phase specific checkpoint is indicated by the thick dashed arrow (Lim et al., 2000) . Since ATM derived from NBS cells is activated normally whilst the phosphorylation of ATM-dependent substrates is impaired in vivo, we propose that Nbs1 functions downstream of ATM facilitating its ability to phosphorylate multiple substrates.
H2AX is unique as not requiring Nbs1 function
Nbs1 promotes ATM dependent phosphorylation events P-M Girard et al ATM dependent event, it provides evidence that ATM is activated normally in vivo and is therefore consistent with the results of the kinase assay monitoring ATM activity in vitro. Thus, Nbs1 is not required to activate ATM as reported previously (Lim et al., 2000) . Significantly, following exposure to 1 Gy, NBS cells are as impaired as AT-5762ins137 cells in their ability to phosphorylate p53 on Ser15 in vivo. In contrast, using the in vitro assay that measures phosphorylation of the same residue in a p53 derived peptide, no observable decreased activity is seen using ATM derived from NBS cells. Thus ATM requires Nbs1 for efficient phosphorylation of the p53 -S15 residue in vivo but not in vitro. We, therefore, propose a model in which Nbs1 acts downstream of ATM kinase activation facilitating ATM-dependent phosphorylation of multiple substrates in vivo (Figure 5b ). Our model is distinct from a previous model in which Nbs1 was suggested to function specifically in an S phase response (Lim et al., 2000) . We show that Nbs1 is required for ATM dependent phosphorylation of a range of substrates (but excluding H2AX) rather than those specifically required for S phase arrest, a subtle but important distinction. The model proposed here has striking analogy to that proposed for the role of the Rad17/Rad9/Hus1/Rad1 checkpoint proteins in S. pombe. Activation of the ATM-related Rad3 kinase can occur independently of Rad17, Rad9, Hus1 and Rad1 (Edwards et al., 1999) . However, these latter checkpoint proteins are required to pass on Rad3-dependent signalling to activate and/or phosphorylate Chk1, Cds1 (the homologue of Chk2/hCds1) and Crb2/Rhp9 (a potential homologue of Brca1). Interestingly, phosphorylation of H2AX after UV or replicational stress is ATR (the human homologue of Rad3) dependent but Hus1 independent (Ward and ) demonstrating a distinction in the genetic requirements for this phosphorylation event. This parallels our observation here that H2AX phosphorylation is NBS independent in contrast to other ATMdependent events (Paull et al., 2000) . Thus, the Nbs1/hMre11/hRad50 complex may function equivalently to the S. pombe checkpoint proteins. It is noteworthy that these proteins also have a second, specific function in S phase arrest raising the possibility that Nbs1 might have an S phase specific function in addition to its broader checkpoint function (Edwards et al., 1999) . Our findings are also consistent with a recent report that in S. cerevisiae the Xrs2/Rad50/ Mre11 complex functions in checkpoint activation, including a G1/S checkpoint (Grenon et al., 2001) .
Recently, cells harbouring the NBS1-657del5 mutation have been shown to express an alternative translation product which retains some Nbs1 function (Maser et al., 2001) . The most likely explanation for the 'leaky' A-T phenotype of NBS cell lines is that they harbour hypomorphic mutations that confer residual function and that Nbs1 is required for ATM dependent phosphorylation events. An alternative possibility is that Nbs1 facilitates but is not absolutely required for the function of ATM. It is notable that whilst NBS cells are AT-5762ins137 like in sharing radiosensitivity and cell cycle checkpoint defects, they are renowned for their poor growth and early senescence, a feature more pronounced than that observed with A-T cell lines. This contrasts with the 'leaky' or milder A-T phenotype described here and suggests that Nbs1 has a role in addition to the one described above, that likely does not involve ATM. This is further suggested by the finding that mice knocked out for Nbs1 are embryonic lethal (Zhu et al., 2001) as well as by the distinct clinical phenotypes of A-T and NBS patients (Shiloh, 1997; Taylor et al., 1996a,b) .
In conclusion, we have analysed cell cycle checkpoint arrest and phosphorylation of ATM-dependent substrates in cells that have low, but functionally normal, ATM activity. These cells show defective S phase arrest, but an intermediate G1/S arrest. We have also observed impaired p53 stabilization and p21 induction in NBS and AT-5762ins137 cells (data not shown) consistent with results of others (Jongmans et al., 1997; Matsuura et al., 1998; Stewart et al., 2001) . Based on these findings, we re-interpret results with NBS cells and argue that they are impaired in the response leading to G1/S arrest. By comparing results with the AT-5762ins137 cells rather than A-T null lines, we show that NBS cells are impaired in their ability to phosphorylate several ATM dependent substrates. We propose that Nbs1 is required to facilitate ATMdependent phosphorylation events in vivo including those required for G1/S and S phase arrest.
Materials and methods
Cell lines and sensitivity to ionizing radiation
1BR3 is a normal primary human fibroblast cell line. AT5BI and AT1BR are 'classical' A-T cell lines described previously (Taylor et al., 1975) . AT6BR, AT5BR and C6059 are A-T fibroblast cell lines that express the 5762ins137 mutation in one allele (designated AT-5762ins137). These cell lines are derived from the previously described patients 44-4, 52-4 and 38-3 that have mild A-T clinical phenotypes (McConville et al., 1996; Stankovic et al., 1998) . CZD82CH is a primary fibroblast line derived from an NBS patient (Jongmans et al., 1997) . Fibroblast cell lines were cultured in Minimum Essential Medium (MEM) supplemented with 15% foetal calf serum (FCS), L-glutamine, penicillin and streptomycin under standard cell cultures conditions. VH and 197 are control lymphoblastoid lines, AO is an A-T line with two null ATM alleles, LB541 is an AT-5762ins137 line (derived from the same patient as AT6BR), and NBS 195, 196 are two NBS lines that carry the 657del5 mutation. Lymphoblastoid cell lines were cultured in RPMI 1640 with the same supplements used for fibroblast lines. Survival analysis was as described previously (Arlett et al., 1988) . Lines C6059 and AO were kindly provided by Dr M Taylor, CZD82CH was from Drs J Hall and K Chrzanowska, and lines 197, NBS 195, 196 and P112 were from Dr K Sperling.
Cell cycle analysis
G1/S arrest was assayed using FACS as described previously (Badie et al., 1997; Begg et al., 1988) . Cells were separated by FACS analysis on the basis of DNA content using PI and BrdU incorporation using the FITC signal. Per cent G1/S arrest is calculated from the unlabelled G1 cells/total unlabelled cells at 12 h post-irradiation following exposure to 1, 3 or 6 Gy relative to that obtained in control unirradiated cells.
The estimation of mitotic index for G2/M checkpoint analysis was as described previously (Girard et al., 2000) . Briefly, actively growing cells were irradiated at 2 Gy in PBS, re-incubated in their original medium containing 0.15 mg/ml colcemid for the times indicated, fixed and stained with Hoescht.
The Radioresistant DNA synthesis (RDS) assay was performed as described previously (Jaspers et al., 1985) . In brief, actively growing cells were labelled with 2-14 CThymidine for 3 days, then irradiated with the doses shown, and incubated in fresh medium containing H]-Thymidine for 4 h prior to fixation and estimation of the label incorporated.
Immunoprecipitation and Western blot analysis
Irradiated and mock-irradiated cells were lysed in TGN buffer (50 mM Tris-HCl, pH 7.5, 250 mM NaCl, 25 mM bglycero phosphate, 25 mM NaF, 5 mM EDTA, 1 mM DTT, 1% NP-40, 1 mM Na 3 VO 4 , and protease inhibitor cocktail (Roche Molecular Biochemicals, Indianapolis, IN, USA) for 30 min at 48C with rocking. To detect RPAp34 and p53, 100 mg of whole cell extract (WCE) were loaded per lane. To detect Chk2 phosphorylation or ATM protein, 200 -300 mg of WCE were immunoprecipitated using Chk2 Ab (H-300, Santa Cruz Biotechnology Inc.) or anti-ATM polyclonal antibody (Ab-3, Oncogene Research Products) and protein A/G Sepharose beads (Amersham Pharmacia Biotech AB). Antibodies for Western blotting were anti-Chk2 rabbit polyclonal antibody (kindly provided by Stephen J Elledge, Houston, TX, USA), anti-p53 monoclonal antibodies (DO-1) (a gift from Dr P Hall, University of Dundee, UK), antiphospho-p53 (Ser15) polyclonal antibody (Cell Signaling Technology Inc., Beverly, MA, USA), anti-RPA34 monoclonal antibody Ab-2 (Oncogene Research Products), and anti-ATM monoclonal antibody 2C1 (GeneTex). Membranes were probed with primary antibody over-night. Blots were probed with horseradish peroxidase-conjugated goat antimouse IgG or goat anti-rabbit IgG (DAKO A/S, Denmark) and developed using the Renaissance chemiluminescence system (NEN TM Life Science products).
In vitro ATM kinase assay ATM kinase assays were as described with the following modifications (Canman et al., 1998) . ATM immunoprecipitates were washed twice with TGN buffer, twice with 100 mM Tris-HCl, pH 7.5 plus 0.5 M LiCl and twice with kinase buffer (10 mM HEPES, pH 7.5, 50 mM b-glycero phosphate, 50 mM NaCl, 10 mM MgCl 2 , 10 mM MnCl 2 , 1 mM DTT). Kinase reactions were initiated by resuspending washed beads in 20 ml of kinase buffer containing 50 mM ATP and 1 mg GST-p53 1 -40 fusion peptide and incubating at 308C for 45 min. Proteins were separated by SDS-polyacrylamide gel electrophoresis (SDS -PAGE), transferred to nitrocellulose membrane and subjected to immunoblotting with either polyclonal anti-p53(Ser15) Ab or monoclonal anti-p53 Ab or monoclonal anti-ATM Ab.
Immunofluorescence microscopy
Lymphoblastoid cells were irradiated as indicated and incubated at 378C for 1 h. Cells were washed twice in PBS, fixed in 100% methanol at 7208C for 15 min and spread on ice-cold slides. Permeabilization was performed with coldacetone for 20 s. Anti g -H2AX monoclonal antibody (Upstate Biotechnology) and the secondary anti-mouse FITC antibody (Sigma) were used at dilutions of 1 : 500 and 1 : 200 respectively. Cells were photographed with a Zeiss Axiophot2 Photomicroscope. Images were captured using a CCD camera (Princeton Instruments) and coloured using MetaMorph software (MetaMorph Imaging System).
